Inspired by this vision, we seek to explore possible topological defects (domain states) in high density array of epitaxial BFO nanodots. BFO is the most intensively studied multiferroic, promising for rich physics associated with various domain structures in addition to its superior electric properties (28) (29) (30) . While vortex and center domain states generated by radial electric field were observed in BFO films, they cannot be spontaneously generated and their robustness and controllability remain to be seen (9, 18, 19) . Here, we demonstrate individually controllable spontaneous center-type topological defects in high density BFO nanodot arrays, whose emergence does not require the assistance of any external electric field, a distinct advantage over earlier reports (9, 19 
INTRODUCTION
Topological structures in ferroics have received substantial attention in recent years, and a number of exciting discoveries have been reported (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Topological defects are usually considered as some singular regions of low dimensionalities, in which the order parameters cease to vary continuously (2) . Two-dimensional topological defects include the well-known ferroic domain walls that have been extensively investigated for domain wall nanoelectronics (1) . One-dimensional (1D) defects such as flux-closure vortex and skyrmion states, as schematically shown in fig. S1 in Supplementary Materials, have also been the focus of extensive researches (3) (4) (5) (6) (7) , and specific center domain patterns were reported recently as well (9) . These topological domain states, in combination with multiferroic functionalities, may lead to exciting new discoveries and device applications. For example, it was predicted that switchable polar vortex as small as 3.2 nm can remain stable, corresponding to an ultrahigh storage density of 60 Tbit/inch 2 (3).
While 1D topological defects in ferroelectrics and multiferroics have long been predicted, e.g. vortex domains by Naumov et al in 2004 (3) , their experimental observations remain elusive in contrast to the well-studied analogs in ferromagnets (1) . Recently, experimental evidences especially with flux-closure domain structures have gradually emerged, thanks to the powerful piezoresponse force microscopy (PFM) and advanced transmission electron microscopy (TEM) (1, 4, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . For example, Nelson et al (10) and Jia et al (11) demonstrated the existence of half flux-closure quadrants in BiFeO 3 (BFO) and Pb(Zr,Ti)O 3 (PZT) thin films, respectively. Multi-state vortex-antivortex pairs were revealed in rareearth manganites and other improper ferroelectrics by Cheong et al (6, (14) (15) (16) . More recently, the periodic array of flux-closure vortices were found in PbTiO 3 /SrTiO 3 multilayers by Tang et al (12) and in superlattices by Yadav et al (13) . In BFO films, the formation of vortex and antivortex domain structures induced by electric field was also demonstrated by Balke et al (17, 18) . In addition, specific center domain structures can be induced by radial electric field from charged scanning probe, as reported by Vasudevan et al (9) and Chen et al (19) , although no spontaneously formed center domains have been observed. In spite of these tremendous progresses, robust yet switchable topological domain states critical for realizing future nanoelectronics remain elusive.
It is well known that polarization-strain coupling can be relieved in nanoscale ferroelectrics, resulting in more varieties of topological domains in confined systems (20) (21) (22) (23) . For example, unique domain quadrants and flux-closure quadrants were observed in micrometer sized single-crystal BaTiO 3 lamellae by Schilling et al, (24) McGilly et al (25) , and McQuaid et al (26) . Rodriguez et al reported evidence for vortex states in small PZT nanodot arrays (27) . These studies suggested that dimensionreduction down to nanoscale is an effective strategy to manipulate topological defects, wherein delicate balances exist among various energetics such as exchanges, electro-elastic interaction, and electro-static interaction, which are closely related to dimension and surfaces. These findings could pave way towards nano-ferroelectronics based on local topological defects, if they are robust and switchable.
Inspired by this vision, we seek to explore possible topological defects (domain states) in high density array of epitaxial BFO nanodots. BFO is the most intensively studied multiferroic, promising for rich physics associated with various domain structures in addition to its superior electric properties (28) (29) (30) . While vortex and center domain states generated by radial electric field were observed in BFO films, they cannot be spontaneously generated and their robustness and controllability remain to be seen (9, 18, 19) . Here, we demonstrate individually controllable spontaneous center-type topological defects in high density BFO nanodot arrays, whose emergence does not require the assistance of any external electric field, a distinct advantage over earlier reports (9, 19) . Using vector PFM and phase field simulation, we revealed a large percentage of center-type topological domains in individual nanodots, analogue to recently observed hedgehog spin meron states (31) . These topological domain states are robust and individually controllable by electric field, a particularly promising characteristic, enabling on-demand manipulation for applications and offering opportunities for further exploring their novel properties in high density device applications.
RESULTS

Structural and PFM characterizations of BFO nanodot arrays
The arrayed nanodots under investigation are roughly ~60 nm in lateral dimension and ~30 nm in height, corresponding to a pixel density of ~100 Gbit/inch 2 . The fabrication procedure is schematically shown in fig. S2 in Supplementary Materials. To synthesize high quality nanodots, we employed a newly developed top-down ion-etching method using sacrificed nanoporous anodic alumina (AAO) template (32) , which is different from conventional AAO template methods (33) (34) (35) (36) (37) . The details of this synthesis can be found in the Materials and Method in Supplementary Materials. The SEM image (Fig.   1A) shows the well-ordered array of nanodots on SrTiO 3 substrate. The epitaxial structure of these nanodots was verified by XRD diffraction, featured by the (001) and (002) peaks in Fig. 1B . The out-ofplane lattice constant is ~4.03 Å, close to that of rhombohedral BFO films (38, 39).
The domain structures of these nanodots were characterized by PFM (40) Fig. 1 (E and F) , which cover the same area as Fig. 1 (C and D) . Some characteristics can be highlighted here. First, the majority of nanodots have the half-dark and half-bright contrast in the L-pha. image (Fig. 1F) . Besides, a small number of nanodots show even more complicated L-pha.
contrast, e.g. dark/bright/dark or bright/dark/bright pattern from left to right. These features are verified by the presence of a coarse dark line in the L-amp. image (see Fig. 1D ), exhibiting a domain wall like characteristic for later polarization component along the <010> -direction.
The PFM images for polarization switching induced by applying a scanning electric bias via the 
Domain structure reconstruction
The above analysis on the lateral PFM images can capture the polarization components along the x-axis and z-axis. Given the fact that the polarization may point to any directions in three-dimensional (3D) space, a full determination of polarization distribution in an individual nanodot must consult to additional data regarding the y-axis component. This can be performed by combining the PFM data for different in-plane rotational angles of the sample (40) (41) (42) (43) (44) (45) (46) . Taking the data in Fig. 1 (C to F) as reference where the sample alignment angle is set as 0°, we conducted additional PFM imaging by rotating the sample clockwise for a set of given angles. The complete PFM data for an array of nanodots and the selected individual nanodots at different rotation angles can be found in Fig. S4 We first chose a nanodot with a typical Type-I PFM contrast as a paradigm, and the construction procedure is demonstrated in Fig. 2 radial electric field in the BFO film via AFM tip (9) . Notably, our domain structure has its polarizations rotating more or less continuously, indicating a roughly isotropic center domain analogue to hedgehog spin topological Meron states (31) . More importantly, this specific domain pattern was generated spontaneously in the as-fabricated nanodots without any assistance of external field. This is a major step towards practical applications, drastically different from the quadrant ones in previous reports (9, 19) .
The spontaneous occurrence of the center topological domains in the virgin state also implies that they are probably most stable states, essential for further manipulation and application as a functional unit in devices.
Similar analysis has been conducted on other types of nanodots, and the results are summarized in angle 0° and a quadrat-domain contrast variation for angle 90°, corresponding to a double-center domain structure consisting of both a center-convergent domain and a divergent one. The Type-IV ( Fig. 3D ) is the reverse case of the Type-III and it is also a double-center domain structure consisting of a centerdivergent domain and a convergent one, which can be considered as an equivalent state to Type-III. As a result, these domain structures can be re-classified into three types: center-convergent domain, centerdivergent (convergent-reverse) domain, and double-center domain.
To complement the above analysis, we counted the percentages of different types of domain structures in an array of totally 238 nanodots at virgin state without any electric poling. It was found that 61% of them are the radial center-convergent domains, ~14% are the radial center-divergent domains, ~24% are the double-center domains, and the rest (~1%) are other types of complex domains.
DISCUSSION
The observations of these center domains instead of earlier reported quadrant center domains is rather surprising, since the polarizations deviate from any of the predetermined eight <111> equivalent orientations for BFO. The formation of these domains is probably driven by the competitions among depolarization energy, polarization-strain coupling, and surface strain, all of which can greatly change the local anisotropy and thus the polarization distribution. Besides that, the possible non-uniform strain in the nanodots can generate the flexo-electric rotations that can drive the polarization away from their original directions (47, 48) . In addition, the three types of center domain structures all possess the headto-head or tail-to-tail charge cores. This generates potentially high electrostatic energy, and one possible source favoring these structures is the surface and edge effects in low dimensional systems, as predicted by Hong et al using the first principles simulation (49) . However, our system is much bigger (~60 nm) than the predicted one (a few unit cells in diameter), and the surface or edge effects may not provide sufficient formation energy for center domains. Another possible reason is associated with the charge accumulation on the top surface, and this mechanism is supported by our phase field simulation and additional experiments.
To mimic the experimental conditions, the nanodot was modeled as a nanoscale cylinder with a diameter of 64 nm and height of 30 nm (Fig. 3E ) and simulated by phase-field simulation, and the simulation details can be found in Supplementary Materials. The observed head-to-head or tail-to-tail charge domain cores are somewhat analogous to charge domain walls, which can be stabilized by the charge accumulation from interior electrons, holes, ionic defects, or exterior absorbed charges adjacent to the walls, as summarized in a previous book chapter by Seidel (7) . In our case, these nanodots were fabricated from the BFO films deposited at a relatively low oxygen pressure (~3.0 Pa), and thus contained rather high-density oxygen vacancies and other charged carriers. As a result, the charge carriers can emigrate to the charge cores or domain heads/tails to stabilize the charge domain walls/cores. The free electrons from the ambient can also be injected onto the surface for the charge domain walls/cores, reducing the formation energy. To visualize the possible charges on the nanodots, we carried out the scanning thermo-ionic microscopy (STIM) studies recently developed to map the distribution of ionic and other species as charge carriers (50) Equally exciting is that these center domains can be reversibly switched and verse vice. properties are shown in Fig. 4 (E to H). It was found that applying two different sets of scanning bias voltages (8 V) via the AFM probe on an array of nanodots produces two distinct regions with rather uniform center-convergent domains (with upward polarization) for +8 V and center-divergent (with upward polarization) for -8 V, respectively. After retention duration of 6000 min, the center domains remained nearly unchanged, except one at the border which was switched from center-convergent back to divergent domain. After even longer duration (24000 min), most of the topologic center domains remain unchanged. This suggests that the center domains are rather robust in ambient yet reversibly switchable under electric field. This also enables further manipulation of such topological domain states by electric field, promising for applications in high density devices, e.g. nonvolatile memories.
In summary, we have observed different types of spontaneous ferroelectric topological domain states in multiferroic BFO nanodots array. The domain configurations in the nanodots array were examined by vector PFM analysis, which reveals the existence of center-convergent domain, reverse center (centerdivergent) domain, as well as double-center domains. These domain structures exist spontaneously in the as-deposited virgin states, stabilized by the accumulation of charge on the top surface, as supported by our phase field simulations and STIM characterization. Furthermore, these topologic domains are rather stable and can be effectively and reversibly switched by electric fields, which is promising for potential applications in high density memory devices.
MATERIALS AND METHODS
Fabrication of BFO nanodot array
The nanodot arrays were fabricated by a sacrificed ultrathin (~300 nm) AAO template etching technique, and the details can be found in our previous work (37) . The simplified procedure is shown 
Structure, PFM, and STIM characterizations
The topography images of the as-prepared nanodots arrays were measured by AFM at contact mode (AFM, Cypher Asylum Research). The crystallinity of nanodots was characterized by X-ray diffraction (PANalytical X Pert PRO). The ferroelectric domain structures of these nanodots were characterized by piezoresponse force microscopy (PFM, Asylum Cypher) using conductive probes (EFM arrow, Nanoword). The local piezoresponse loop measurements were carried out by fixing the PFM probe on a selected nanodot, and then applying a triangle-square waveform accompanying with ac driven voltage, via the conductive PFM probe. To improve the PFM sensitivity, we adopted a dual frequency resonanttracking technique (DART) also provided by Asylum Research (36) . domain structures, both the vertical and lateral PFM images were conducted for different in-plane sample rotation angles. In proceeding, we marked the sample before the rotations so that the same scanned area can be tracked. The implementation of STIM (50) here utilizes an Asylum Research MFP-3D AFM equipped with Anasys ThermaLever AN2-300 thermal probe, and the technical details can also be found in Fig. S8 in Supplementary Materials.
Phase field simulation details
We simulated the nanodot as a cylinder surrounded by vacuum, as shown in Anasys ThermaLever AN2-300 thermal probe. The driven force is inputted from the ac current at the cantilever sample contact resonance frequency of f 0 first, and then the output thermal probe vibration is measured at f 0 /2 and f 0 /4, respectively, using lock-in to enhance the sensitivity. These give us the second and fourth harmonic responses that correspond to local thermomechanical and thermosionic activities, respectively (see fig. S8 ).
Phase field simulation details and parameters. The evolution of polarization in BFO nanodots was studied by phase field simulations, which are based on the time-dependent Ginzburg-Landau equation.
The order parameters are chosen as the three components of spontaneous polarizations. We simulated the nanodot as a cylinder on conductive bottom electrode which are surrounded by vacuum. We chose 3D phase field models for BiFeO 3 nanodots are constructed using the three components of the polarization vectors as order parameters. The Helmholtz free energy was considered as the system energy function:
The first term is the bulk energy or Landau-Devonshire energy: 
where, 0 is the permittivity of vacuum and is the background relative dielectric constant.
Following previous work, we assume that the equilibrium of mechanical stress and electrical field is much faster than the evolution of domain structures. Thus, for each polarization configuration, the mechanical and electrical equilibrium equations
are solved to obtain the corresponding driving forces.
The evolution of polarizations is simulated by the time-dependent Ginzburg-Landau equation:
We use the backward Euler methods to trace the evolution of polarizations.
All coefficients of BiFeO 3 are adopted from previous literatures and are listed in Table S1 . These coefficients are normalized by the following formulae: 
